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Prion proteins undergo self-sustaining conforma-
tional conversions that heritably alter their activities.
Many of these proteins operate at pivotal positions in
determining how genotype is translated into pheno-
type. But the breadth of prion influences on biology
and their evolutionary significance are just beginning
to be explored. We report that a prion formed by
the Mot3 transcription factor, [MOT3+], governs
the acquisition of facultative multicellularity in the
budding yeast Saccharomyces cerevisiae. The traits
governed by [MOT3+] involved both gains and losses
of Mot3 regulatory activity. [MOT3+]-dependent
expression of FLO11, a major determinant of cell-
cell adhesion, produced diverse lineage-specific
multicellular phenotypes in response to nutrient
deprivation. The prions themselves were induced
by ethanol and eliminated by hypoxia—conditions
that occur sequentially in the natural respiro-fermen-
tative cycles of yeast populations. These data
demonstrate that prions can act as environmentally
responsivemolecular determinants ofmulticellularity
and contribute to the natural morphological diversity
of budding yeast.INTRODUCTION
The evolution of multicellularity is among the most notable tran-
sitions in the history of life (Grosberg and Strathmann, 2007).
Despite its reputation as a simple, ‘‘unicellular’’ eukaryote, the
budding yeast Saccharomyces cerevisiae has proven to be
a powerful model for this transition (Koschwanez et al., 2011;
Ratcliff et al., 2012). It frequently and reversibly abandons a soli-
tary lifestyle in favor of diverse multicellular growth forms (re-
viewed in Bru¨ckner and Mo¨sch, 2012). In doing so, individual
yeast cells cooperate to protect themselves from the environ-
ment, from other organisms, and from starvation.
The cell surface adhesins that drive multicellularity are en-
coded by some of the most heavily regulated and yet rapidlyevolving genes in the yeast genome (Hahn et al., 2005; Bru¨ckner
and Mo¨sch, 2012). Repeated selection for new adhesin pheno-
types might support mechanisms that expedite their genetic
diversification, including intragenic tandem repeats, gene multi-
plicity, and a subtelomeric location, all of which produce high
recombination rates that drive the frequent appearance of new
functional variants (Bru¨ckner and Mo¨sch, 2012).
In opposition to the environmental pressures for diversifica-
tion, multicellularity itself necessitates conformity: individual
cells must act concertedly and cooperatively to maintain the
integrity and therefore adaptive benefits of multicellular struc-
tures. This dichotomy may have favored the evolution of
switch-like regulation in adhesin expression, resulting in binary
or ‘‘dimorphic’’ transitions. Such switches are both genetic and
epigenetic in nature. Mutations occur frequently in trans-acting
regulators of adhesins (Halme et al., 2004), whereas position-
dependent genomic silencing (Halme et al., 2004), cis-interfering
noncoding RNAs (Bumgarner et al., 2012), and stochastic asso-
ciations with low-abundance transcription factors (Octavio et al.,
2009) can each act as epigenetic toggle switches of adhesin
expression. Self-perpetuating switches in the folding of certain
proteins, known as prions, might also play a role (Patel et al.,
2009; Halfmann et al., 2012). Among these very different molec-
ular mechanisms, the fact that prions are based on protein
folding might give them an intrinsic capacity to transduce envi-
ronmental changes into dominant and highly stable phenotypic
changes.
Prion-forming proteins can exist in profoundly different struc-
tural states, at least one of which is a self-templating (prion)
state. Proteins in the prion conformation interact with nonprion
conformers of the same protein, converting them to prion con-
formers. The biochemically characterized prions are insoluble
amyloid-like fibrils that cause heritable changes in the cellular
distribution of the protein. Prions create phenotypes by diverse
means—inmany cases by sequestering proteins away from their
normal cellular activities, but in others, endowing them with new
activities (Derkatch et al., 2001; Rogoza et al., 2010; Suzuki et al.,
2012). Notably, the self-templating nature of prion conformations
allows such phenotypes to be immediately and robustly heritable
(Serio et al., 2000; Satpute-Krishnan and Serio, 2005). This has
generated a vigorous discussion about the potential significance
of prions in yeast evolution (Pigliucci, 2008; Wickner et al., 2011;
Koonin, 2012).Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc. 153
Figure 1. Prions Converge on the Principal
Determinant of Yeast Multicellularity,
FLO11
(A) Venn diagram demonstrating the overlap in the
regulons of known prion-forming yeast transcrip-
tion factors. Only two genes, FLO11 andHXT2, are
regulated by all four.
(B) A genetic reporter for [MOT3+]. Mot3 represses
transcription of DAN1 under normal growth
conditions. When the DAN1 ORF is replaced with
URA3, laboratory yeast strains can become
prototrophic for uracil by prion-driven inactivation
of Mot3.
(C) Cells harboring the reporter for [MOT3+] were
transformed with either empty vector (E.V.) or
a galactose-inducible vector encoding Mot3.
Following 24 hr of growth in galactose, 5-fold serial
dilutions of cells were plated to media lacking
uracil ( Uracil) to select for those that contained
stably inactivated Mot3. Cells plated to uracil-
containing media (+ Uracil), at the highest dilution,
are also shown. Transient overexpression of
Mot3 strongly induces conversion to a Ura+
phenotype.
(D) qRT-PCR using mRNA isolated from iso-
genic [MOT3+] and [mot3] colonies reveals that
[MOT3+] cells have increased FLO11 expression.
Values are normalized to ACT1. Error bars repre-
sent SD from triplicate colonies.
See also Figure S1 and Tables S1 and S2.Yeast cells normally switch between prion and nonprion
states at low frequencies, but protein folding is extraordinarily
sensitive to environmental stress (Chiti and Dobson, 2006).
Therefore, when cells are not well suited to their environment,
i.e., when they are stressed, prion switching may accelerate
(Tyedmers et al., 2008). The net result is that a small fraction
of stressed cells explores alternative phenotypes. Often, newly
arising prions are detrimental (McGlinchey et al., 2011). On
occasion, however, the phenotypes revealed by prions are
adaptive, enabling the prion-containing lineages to survive at
times when they otherwise might perish (True and Lindquist,
2000; Halfmann and Lindquist, 2010). Theoretical work sup-
ports the concept that prion switching may constitute a sophis-
ticated form of ‘‘bet-hedging’’ (Griswold and Masel, 2009;
Lancaster et al., 2010). Despite the plausible functions of
prion-based switches in gene regulation, the topic remains
intensely controversial (Liebman and Chernoff, 2012). Definitive
evidence for prion functionality, including mechanisms that
would link specific prion-protein conformational switches to
environmental changes that are explicitly relevant to their func-
tions, is wanting.
Here, we report that prion formation by the Mot3 transcrip-
tional repressor regulates the acquisition of multicellular growth
forms in budding yeast. The formation, elimination, and pheno-
typic manifestation of Mot3 prions each respond to specific
environmental conditions. The effects of Mot3 prions are further
determined by heritable variation between different yeast iso-
lates. Mot3 prion switching is thus a molecular mechanism that
couples natural environmental changes to heritable changes in154 Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc.gene expression. It might also provide a new route to the evolu-
tion of cooperative multicellular behaviors.
RESULTS
A Convergence of Prions at the Multicellularity
Determinant, FLO11
The functions of known yeast prions are heavily biased for gene
regulation (Halfmann and Lindquist, 2010). To identify regulatory
functions that might be associated with prion switching, we com-
pared the published regulons of transcription factors that we and
others have shown to be capable of forming prions (Alberti et al.,
2009; Patel et al., 2009; Rogoza et al., 2010). The regulons of all
three experimentally verified prion-forming transcription factors
(Cyc8, Mot3, and Sfp1), as well as Gln3, a prion-like transcription
factor that is itself the major regulatory target of the Ure2 prion
(Wickner, 1994; Kulkarni et al., 2001), overlapped at only two
genes: FLO11, encoding a cell wall-anchored glycoprotein; and
HXT2, encoding a high-affinity glucose transporter (Figure 1A).
Both genes are naturally induced by stress and by nutrient depri-
vation (Ozcan and Johnston, 1999; Tu¨rkel, 1999; Bru¨ckner and
Mo¨sch, 2012). The probability that any given ORFwould be regu-
latedbyall four of these transcription factors, by chance, is 1.213
105 (Extended Experimental Procedures available online).
Notably, FLO11 is also regulated by the chromatin-remodeling
factor Swi1 (Barrales et al., 2012), yet another type of transcrip-
tional regulator that is capable of forming a prion (Du et al., 2008).
Other transcription factors are likely to be prions. Therefore, to
reduce bias, we also undertook a complementary computational
analysis to determine if the 32 transcription factors annotated to
regulate FLO11 are significantly enriched for the presence of
prion-like domains, including those that have not yet been
discovered to act as prions. We used a modified hidden Markov
model algorithm (Alberti et al., 2009) to predict the prion propen-
sities for all yeast transcription factors. We then asked whether
the observed distribution of this propensity score for the regula-
tors of FLO11was significantly different from random samples of
32 transcription factors using a bootstrap approach (Extended
Experimental Procedures). We found that regulators of FLO11
had a higher enrichment for prion propensity than expected by
chance (p = 0.017).
Why might the FLO11 regulatory interactome be inundated
with prion regulators? Three aspects of its biology suggest an
answer. First, as the principal determinant of multicellularity;
Flo11 enables single cells to differentiate into multicellular struc-
tures, including cell clumps, chains, and biofilms (Bru¨ckner and
Mo¨sch, 2012). The success of any multigenerational develop-
mental program of this nature necessitates a stable molecular
commitment (which prions provide) rather than the short-
term responses of conventional regulatory networks. Second,
FLO11 expression switches between expression states at
multiple frequencies, ranging from approximately once every
three cell divisions to once in a thousand cell divisions (Kuthan
et al., 2003; Halme et al., 2004; Octavio et al., 2009). This is rele-
vant because prion-based switches have also been found to
occur at multiple frequencies, from 107 to 102 per cell division
(Liebman and Chernoff, 2012). Finally, FLO11 is induced by, and
is thought to protect against, environmental stresses (Bru¨ckner
and Mo¨sch, 2012). Prions are intrinsically sensitive to changes
in protein homeostasis (Tyedmers et al., 2008) and may, there-
fore, be able to act as ‘‘sensors’’ of environmental stress. These
considerations led us to test whether the gain and loss of prion
states by prion-forming transcription factors might induce facul-
tative multicellular transitions in response to environmental
adversities.
Isolation of [MOT3+] Colonies
Given the well-known instability of FLO11 expression, and the
multitude of factors responsible for regulating it, we reasoned
that simply correlating FLO11 expression dynamics with indi-
vidual prions would not provide a sufficiently rigorous test of
our hypothesis. Instead, we employed a reverse approach, in
whichwe isolated stable prion states on the basis of a completely
orthogonal phenotype and then queried their effects on FLO11.
To this end, and to facilitate follow-up experiments, we focused
on Mot3, a transcription factor with a relatively discrete set of
gene targets and well-characterized biology. The consensus
binding motif for Mot3 (nucleotide sequence HAGGYA) occurs
16 times upstream of FLO11 (Table S1), far more frequently
than expected by chance (cumulative binomial probability of
0.007). Mot3 normally represses FLO11 (Carter et al., 2007)
and other genes involved in remodeling the yeast cell surface
(Table S2; annotation clusters 1, 2, and 6 designate cell wall-
and cell membrane-localized gene products; cluster 4 desig-
nates gene products involved with membrane biosynthesis).
Oxygen depletion alleviates this repression (Sertil et al., 2003;
Lai et al., 2006).To provide a facile orthogonal measure of Mot3 prion switch-
ing, we placed a URA3 gene under the control of a Mot3-regu-
lated promoter (DAN1), in a strain that also carries a ura3 deletion
(Alberti et al., 2009). Mot3 normally represses this promoter.
When Mot3 switches to the prion state, however, it should
sequester the protein away from the genome, derepressing
URA3 and allowing cells to grow without uracil (Figure 1B). In
keeping with prion nomenclature, this state is designated
[MOT3+] (Alberti et al., 2009), with capital letters denoting domi-
nance in genetic crosses and brackets denoting cytoplasmic
inheritance. Because most laboratory yeast have recessive null
mutations in FLO8, a master regulator of FLO11 (Liu et al.,
1996), wemated theMot3-reporter strain with a ura3 FLO8 strain
(S1278b) to produce a hybrid diploid competent for FLO11
expression. This strain spontaneously acquired a Ura+ pheno-
type at a frequency of 104 to 103, depending on the strin-
gency of selection (Figure S1).
One defining feature of prion biology is that overexpression
of the prion protein increases the frequency at which the
prion appears in a population of prion minus cells (Wickner,
1994; Alberti et al., 2009). A second is that once the protein
has acquired the prion conformation, overexpression is no
longer necessary to maintain that state. To induce [MOT3+],
we therefore transformed cells with a galactose-inducible
plasmid encoding Mot3, or with an empty vector, and grew
the cells in galactose media for 24 hr. We then plated the cells
to glucose media lacking uracil to restore endogenous Mot3
expression levels. This selected for cells in which Mot3 was
inactivated in a heritable way. Indeed, the transient overexpres-
sion greatly increased the appearance of Ura+ colonies (Fig-
ure 1C). Such colonies retained their phenotype after repeated
passaging.
Another characteristic common to prions formed by amyloi-
dogenic proteins is a requirement for Hsp104. This protein-
remodeling factor fragments prion amyloid fibers and enables
prion templates to be inherited by daughter cells. To test if
the Ura+ phenotype was due to a prion switch, we passaged
cells on media containing 3 mM guanidine hydrochloride
(GdHCl), a selective inhibitor of Hsp104 (Ferreira et al., 2001).
We then passaged them to media lacking GdHCl before
testing for the continued inheritance of the Ura+ phenotype.
As was previously demonstrated in a different genetic back-
ground by Alberti et al. (2009), this treatment restored Ura+
cells to the original, ura phenotype (Figure S1B). To ensure
that this was not due to an off-target effect of GdHCl, we
used a genetic approach—transiently expressing a dominant-
negative variant of Hsp104 (Chernoff et al., 1995), Hsp104DN.
This treatment also restored the ura phenotype. Overexpres-
sion of WT Hsp104 did not (Figures S1C and S1D). Thus, the
inheritance of the Ura+ phenotype requires the continuous
activity of Hsp104.
As noted above, the self-templating structure for most prions
is an amyloid fiber. Most amyloids are extraordinarily resistant to
solubilization by detergents, and this property can be used to
distinguish amyloids from other noncovalent protein complexes
(Alberti et al., 2009). To verify that the prion responsible for
the Ura+ phenotype is indeed formed by Mot3, we used semi-
denaturing detergent-agarose gel electrophoresis (SDD-AGE).Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc. 155
Figure 2. [MOT3+] Enables Facultative Multicellular Growth
(A) Schematics on the left depict multicellular phenotypes (dark cells) that are
induced by each of the common growth conditions indicated. On plates
containing only proline as a nitrogen source, [MOT3+] cells formed invasive
filaments that penetrated the agar surface (top; invasive growth remains after
dislodging surface cells under running water). On plates containing only
ethanol as a carbon source, [MOT3+] cells formed complex colony morphol-
ogies (middle). The schematic for colony morphology is based on Va´chova´
et al. (2011). When grown to saturation in liquid media, [MOT3+] cells exhibited
a decreased tendency to flocculate (bottom). Each of these behaviors of
[MOT3+] cells was eliminated by treating the cells transiently with GdHCl, an
inhibitor of the prion-partitioning factor Hsp104.
(B) [MOT3+] cells form elaborate, biofilm-like structures when grown on
semisolid ethanol media.
Scale bars, 1 cm. See also Figure S2.SDD-AGE resolves amyloids from nonamyloid aggregates and
soluble proteins based on size and insolubility in SDS. By
probing SDD-AGE blots for the naturally occurring hexa-histidine
motif of Mot3, we found that SDS-resistant aggregates of Mot3
occurred in Ura+ cells, but not in ura cells (Figure S1B). We
conclude that the Ura+ cells are [MOT3+].
Having isolated [MOT3+] by virtue of the transcriptional dere-
pression of the DAN1 locus, we next asked if FLO11 was simul-
taneously affected. We prepared mRNA from isogenic [MOT3+]
and [mot3] cells and used quantitative RT-PCR (qRT-PCR) to
evaluate FLO11 expression. Indeed, [MOT3+] increased FLO11
transcripts by 10-fold (Figure 1D).
[MOT3+] Governs the Acquisition of Multicellular
Phenotypes
FLO11 expression mediates the development of diverse multi-
cellular phenotypes in response to specific environmental
signals. Under standard nutrient-rich laboratory growth condi-
tions, [MOT3+] conferred only modest FLO11-related pheno-
types (data not shown). We therefore explored the synergistic
effects of [MOT3+] with environmental conditions that naturally
induce FLO11. The best characterized of these is nitrogen star-
vation. When challenged with limiting or poor nitrogen sources,
cells elongate, bud in a unipolar fashion, and remain attached
after cell division (Gimeno et al., 1992). The resulting chains of
cells extend well beyond the original colony boundaries and
can even invade the underlying growth substratum.
To explore the effects of [MOT3+] on invasive growth, we
plated cells on media in which the only source of nitrogen is
a poor one, proline. After 5 days of growth, noninvasive cells
were dislodged by rinsing the plates vigorously with running
water. Prion minus cells, [mot3], were easily washed away. In
contrast, [MOT3+] colonies acquired invasive filaments that
could not be dislodged (Figure 2A).
In addition to invasive growth in response to nitrogen starva-
tion, Flo11 can induce complex colony architectures in response
to starvation for fermentable carbon sources (Granek and Mag-
wene, 2010). Emerging evidence suggests that such colonies
are, in fact, rudimentary biofilms that protect cells from stress
and enable cells to cooperate metabolically (Va´chova´ et al.,
2011). To investigate, we plated [MOT3+] and [mot3] cells to
media containing a variety of different carbon sources. [mot3]
cells formed smooth, simple colonies regardless of carbon
source. [MOT3+] colonies were indistinguishable from those of
[mot3] on glucose and galactose, which are fermentable
carbon sources. But on glycerol and ethanol, which are nonfer-
mentable, [MOT3+] cells formed elaborate colonies with promi-
nent ridges and invaginations (Figure 2A; data not shown).
Another stimulus of Flo11-dependent colony differentiation is
growth on a semisolid substratum (Reynolds and Fink, 2001).
When grown on semisolid media, with ethanol as a carbon
source, [MOT3+] cells differentiated into an elaborate compound
structure consisting of well-developedmicrocolonies embedded
in a transparent gelatinousmatrix (Figure 2B). Notably, thematrix
was impenetrable to isogenic yeast cells applied to the exterior
of the colony (Figure S2). In striking contrast, [mot3] colonies
again failed to differentiate, instead producing a simple smooth
colony lacking a prominent gelatinous exterior.156 Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc.Finally, we examined a quite different multicellular behavior.
Some yeast strains clump together, or flocculate, toward the
end of fermentation in liquid media. Unlike phenotypes typically
driven by Flo11, which result from cell-cell interactions between
mother cells and their daughters, flocculation results from ‘‘hori-
zontal’’ association between cells. This behavior is industrially
desirable but notoriously unstable; flocculation competence is
frequently and stochastically gained and lost (Verstrepen et al.,
2003). We asked if [MOT3+] can also contribute to flocculation
phenotypes by allowing cells to grow to saturation in rich liquid
media. [MOT3+] cultures became moderately flocculent 1 day
before [mot3] cultures. The final extent of flocculation, however,
was greater in [mot3] cultures (Figure 2A). The flocculation
phenotype, in both [MOT3+] and [mot3] cells, was driven by
Flo1, a cell-wall-anchored adhesin similar to Flo11 (Supple-
mental Information). Like FLO11, the FLO1 promoter contains
numerous binding motifs for Mot3.
Figure 3. The N-Terminal Region Is
Required for Prion-Mediated Inactivation
of Mot3
(A) A schematic of full-length Mot3 and two
functionally distinct truncation mutants. Regions
of high predicted prion-forming propensity are
indicated in red. The C-terminal nonprion-like
region of Mot3 contains two C2H2 zinc fingers,
indicated in blue, which are involved in DNA
binding. The prion-determining region, ‘‘PrD,’’ as
initially defined by Alberti et al. (2009) encom-
passes the N-terminal 295 residues of the protein.
A poly-asparagine (poly-N) tract stretches from
residues 143–157. In the present study, we
construct a variant, ‘‘DPrD,’’ that lacksmuch of the
PrD including the poly-N tract. An endogenous
hexa-histidine motif is indicated in green.
(B) Ectopic expression of DPrD ([DPrD) from
a constitutive promoter (TEF1) suppresses the
Ura+ phenotype of [MOT3+]. In contrast, [MOT3+] cells ectopically expressing full-length Mot3 ([WT) remain Ura+. This is because WT Mot3, but not DPrD,
accumulates as SDS-resistant aggregates, as visualized by SDD-AGE and immunoblotting against the endogenous hexa-histidine motif. Amyloids from
endogenous Mot3 are too low abundance to be detected in this exposure. An SDS-PAGE blot of lysates boiled in 2% LDS demonstrates comparable expression
of the Mot3 variants.[MOT3+] Prion Phenotypes Result from Both Losses and
Gains of Mot3 Function
Most prion phenotypes mimic loss-of-function mutations in the
genes that encode them. To determine whether [MOT3+] pheno-
types are due to simple inactivation of Mot3, we employed two
genetic approaches. First, we asked whether the prion’s pheno-
types could be complemented by supplying Mot3’s normal
cellular activity in trans. To this end, we constructed a variant
of Mot3 with a deletion in the prion-forming region of the protein,
known as the PrD (Alberti et al., 2009). This variant, DPrD, was
immune to prion-mediated inactivation. When expressed from
a plasmid in [MOT3+] cells, it maintained solubility and fully
reversed the Ura+ phenotype (Figure 3). It also reversed the
complex colonymorphology and the hypoflocculent phenotypes
(Figure 4A). Thus, a loss of Mot3’s normal cellular activity is
necessary for the prion phenotypes. Importantly, when the
plasmid expressing DPrD was lost, [MOT3+] phenotypes re-
turned, demonstrating that DPrD simply masked the prion
phenotypes while allowing the full-length protein to maintain
the prion state.
Next, we asked if genetic deletion of MOT3 conferred the
same spectrum of phenotypes as [MOT3+]. To a limited extent,
it did: Dmot3 cells formed ruffled colonies on ethanol media
and invasive filaments on nitrogen-limited media (Figure 4B).
However, other phenotypes were not fully recapitulated.
Whereas [MOT3+] prions altered both the kinetics and magni-
tude of flocculation, Dmot3 cells were entirely nonflocculent.
Most surprisingly, deletion of MOT3 did not fully derepress the
URA3 reporter for Mot3 activity. Instead, derepression was
only partially penetrant: Dmot3 cells were predominantly ura
but produced abundant papilla with unstable Ura+ phenotypes
(Figure 4C).
What might explain the difference between [MOT3+] and
Dmot3 phenotypes? Taking advantage of the facile readout of
the URA3 reporter, we investigated potential gains of function
by the prion. We first tested if ectopically expressed prion parti-
cles could stabilize a Ura+ phenotype in Dmot3 cells. To do so,we transformed cells with a plasmid that overexpressed full-
length Mot3 from the strong TEF1 promoter. These cells became
Ura+ at an increased frequency (Figure 4D). The phenotype
was not maintained when the plasmid was lost, indicating
that it required continuous expression of Mot3 (data not shown).
To verify that the phenotype was due to PrD-mediated aggrega-
tion, and not some other effect of overexpressed Mot3, we
repeated the experiment with plasmids encoding either the
DPrD variant of Mot3 or the highly aggregation-prone PrD
alone (Alberti et al., 2009). As expected, expression of DPrD
suppressed the formation of Ura+ colonies. To our surprise,
however, expression of the PrD had no effect (Figure 4D). These
results suggest that the Mot3 prion templates are themselves
insufficient to stabilize the Ura+ phenotype of Dmot3 cells.
Instead, the stable phenotype requires the prion-mediated
sequestration of a region of the Mot3 protein that is outside the
prion-forming region. It seems likely that the gain of function of
[MOT3+] results from the cosequestration of one or more tran-
scriptional corepressors that interact with this region of Mot3,
as illustrated in Figure 4E.
A Typical Environmental Condition, Ethanol Stress,
Induces [MOT3+]
Multicellular behaviors are commonly induced by environmental
stresses. At least one prion, formed by the translation termina-
tion factor, Sup35, also shares this property (Tyedmers et al.,
2008). To determine if [MOT3+] can be induced by stress, we
exposed [mot3] cells to a variety of chemical stressors.
Following 6 hr of treatment, cells were plated to uracil-deficient
media to select for those that had acquired [MOT3+]. Most of
the treatments did not change the frequency of [MOT3+] (Fig-
ure S3A; data not shown). Only one stressor, ethanol, had an
effect. Treating cells for 6 hr with a concentration of ethanol
that is commonly reached in wine fermentations (12%) increased
the frequency of Ura+ colonies by 10-fold (Figures 5A and S3).
Cells bearing a DPrD MOT3 gene were unable to form Ura+
colonies in response to ethanol. Importantly, the treatment wasCell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc. 157
Figure 4. Prion-Mediated Inactivation of
Mot3 Is Required but Is Not Sufficient
to Convey the Full Spectrum of [MOT3+]
Phenotypes
(A) Ectopic expression of DPrD ([DPrD) from
a constitutive promoter (TEF1) suppresses the
complex colony morphology, invasion, and hypo-
flocculation phenotypes of [MOT3+] cells. In
contrast, [MOT3+] cells that ectopically express
full-lengthMot3 ([WT) retain [MOT3+] phenotypes.
(B) Genetic deletion of MOT3 confers some
phenotypes that mimic those of [MOT3+],
including biofilm formation and invasion. Dmot3
cells do not flocculate when grown to saturation in
liquid media.
(C) Genetic deletion of MOT3 is not sufficient to
fully derepress the DAN1 promoter (PDAN1-URA3).
Unlike [MOT3+] cells (which are Ura+), Dmot3
cells partition dynamically between fully
repressed (ura) and derepressed (Ura+) states.
(D) Ectopic expression of WT Mot3 stabilizes
the derepressed (Ura+) state, whereas the non-
aggregating variant of Mot3, DPrD, restores the
fully repressed (ura) state. Expression of PrD
or empty vector has no effect. Duplicate trans-
formants are shown, andserial dilutionsweremade
onto the same plate. Bottom view is a western blot
comparing expression levels of the Mot3 variants.
(E) In a hypothetical model for the gain of function
of Mot3 prion conformers, Mot3 interacts with
another protein that corepresses transcription
from the DAN1 promoter. In the [MOT3+] state,
Mot3 prion particles sequester this protein,
resulting in the full derepression of the DAN1
promoter. In cells altogether lacking Mot3, this
protein can still bind to and partially repress the
DAN1 promoter.
Scale bars, 1 cm.not overtly toxic to cells, indicating that ethanol did not merely
select for pre-existing [MOT3+] cells.
How does ethanol stimulate Mot3 prion conversion? It did not
simply increase Mot3 protein levels (Figure S3B). Ethanol stress
causes protein misfolding and strongly induces the protein-
remodeling factor Hsp104 (Figure S3B; Sanchez et al., 1992).
Hsp104 has previously been found to stimulate prion conversion
by other prion proteins (Shorter and Lindquist, 2006; Kryndush-
kin et al., 2011). To determine if Hsp104 also stimulates [MOT3+],
we transformed [mot3] cells with a plasmid expressing Hsp104
from a strong constitutive promoter. This produced a greater
than 10-fold increase in the frequency of Ura+ colonies (Fig-
ure 5B). Overexpressed Hsp104 did not induce Ura+ colonies
in cells bearing a DPrDMOT3 gene. These experiments suggest
that ethanol stress accelerates the formation of [MOT3+] by per-
turbing protein homeostasis.158 Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc.Another Typical Environmental
Condition, Hypoxia, Eliminates
[MOT3+]
A strategy used by yeast cells to inhibit
competition from other organisms is
to rapidly ferment glucose to ethanol.The subsequent respiration of that ethanol can produce an
anoxic environment by the end of the respiro-fermentative cycle.
Hypoxia represses MOT3 transcription (Figure S3C; Sertil et al.,
2003). To test if this is sufficient to eliminate [MOT3+] prions and
reset cells back to the [mot3] state, we passaged [MOT3+] cells
under hypoxic (<1% O2) conditions. After 5 days, cells were
repassaged on fresh nonselective media and incubated under
normal atmospheric conditions. Colonies were then replica-
plated to uracil-deficient media to determine the presence or
absence of [MOT3+]. The hypoxic treatment proved remarkably
effective: [MOT3+] cultures reverted uniformly back to [mot3]
(Figure 5C). Cells that were passaged in parallel under normoxic
conditions remained [MOT3+]. Notably, all [MOT3+]-associated
phenotypes, including the ethanol- and proline-dependent multi-
cellular growth forms, were also eliminated. Thus, by way of a
[MOT3+] to [mot3] prion switch, transient oxygen depletion
Figure 5. Environmental Conditions Govern
Mot3 Prion Switching
(A) The spontaneous switching of Mot3 to its prion
state is increased by ethanol stress. Diploid
[mot3] cells, or as a negative control, WT/DPrD
heterozygotes, were incubated for 6 hr in media
alone (mock), or media containing 12% ethanol
(EtOH), prior to plating to media lacking uracil.
Ura+ colonies were counted after 4 days and
normalized by the number of total colony-forming
units. Data represent mean ± SD from three
independent experiments.
(B) [mot3] cells were transformed with either
empty vector or a plasmid expressing Hsp104
from a strong constitutive promoter (GPD).
Transformants were inoculated to rich media
overnight, and then the fraction of [MOT3+] cells
was determined as in (A).
(C) Passaging [MOT3+] cells under hypoxic
conditions reverts them to [mot3].
(D) The effect of hypoxia is specific to [MOT3+]. A
strain harboring prion states of three different
proteins ([MOT3+], [PSI+], and [RNQ+]) was treated
transiently with either GdHCl or hypoxia. Amyloids
representing each prion state were detected by
SDD-AGE. GdHCl, which targets the prion-parti-
tioning factor Hsp104, eliminated all three prions,
whereas hypoxia specifically eliminated [MOT3+].
See also Figure S3.induced specific and heritable changes to respiration-associ-
ated phenotypes.
To determine if the effect of hypoxia is specific to [MOT3+], we
created a single yeast strain harboring the prion states of three
different proteins: Mot3, Sup35, and Rnq1. We then subjected
cells of this strain to hypoxia followed by SDD-AGE to detect
the continued presence of amyloids of each prion protein.
Mot3 amyloids were eliminated. Sup35 and Rnq1 amyloids re-
mained (Figure 5D).
Hypoxia did not simply counterselect [MOT3+] cells (Figures
S3D and S3E). To verify that the unique response of [MOT3+]
to hypoxia results from the transcriptional repression of MOT3,
we supplemented [MOT3+] cells with Mot3 expressed from a
heterologous promoter (SUP35) that is not regulated by hypoxia.
When these [MOT3+] cells were passaged under hypoxia, they
retained the prion state (Figure S3F). Cells that contained empty
vector did not, demonstrating that repression of MOT3 under
hypoxia is required for prion elimination. This natural transcrip-
tional regulation of MOT3 ensures that [MOT3+] prions will be
eliminated from cells as they reach the end of the respiro-
fermentative cycle.
[MOT3+] Produces Different Multicellular Behaviors in
Different Genetic Backgrounds
Natural yeast isolates exhibit a rich diversity of multicellular
behaviors and fermentative characteristics (Casalone et al.,Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc. 159,
t
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.
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.2005; Liti et al., 2009; Granek and Mag-
wene, 2010). The profound effects that
[MOT3+] exerted on FLO11-dependent
phenotypes in the laboratory strain sug-gested that it might also contribute to the acquisition of new
phenotypes in the wild.
To analyze Mot3 prion formation in nonlaboratory yeast
we integrated a dominant drug-resistance reporter for Mot3
activity (Figure 6A) into genetically and ecologically diverse, ye
experimentally tractable, natural isolates of S. cerevisiae (Lit
et al., 2009). We then overexpressed theMot3 prion-determining
region and selected [MOT3+] derivatives on drug-containing
media. Of 32 strains tested (Table S3), 28 (Figure S4A) readily
acquired the resistance phenotype indicative of the prion
We further focused on ten divergent strains (Figure 6B) tha
retained strong resistance phenotypes even after loss of the
inducing plasmid (as expected for cells harboring the prion)
When examined by SDD-AGE, they contained Mot3 amyloids
(Figure S4C). Hypoxia eliminated the phenotype and eliminated
the amyloids (Figures S4B and S4C). These results demonstrate
that diverse genetic backgrounds have the capacity to acquire
[MOT3+] and to naturally regulate its inheritance through a
hypoxic growth phase.
We then compared the Flo11-dependent phenotypes o
[MOT3+] isolates and their [mot3] counterparts. These differed
widely between genetic backgrounds (Figures 6C, 6D, and
S4D–S4H; Table S4). Two strains, the grape/wine isolates
L-1374 and Y-55, exhibited strong increases in multiple multicel-
lular behaviors. In the absence of the prion, they were noninva-
sive and formed smooth colonies under all growth conditions
Figure 6. [MOT3+] Phenotypes Are Dictated by Genetic Variation
(A) A genetic reporter for [MOT3+] in prototrophic strains. A gene encoding resistance to the antibiotic nourseothricin (NAT) was placed under control of theDAN1
promoter, such that yeast carrying the reporter are NAT resistant only when they are [MOT3+].
(B) The reporter was integrated into genetically and ecologically diverse strains of S. cerevisiae. Each node on the phylogenetic tree (adapted from Liti et al., 2009)
represents a different yeast strain that could be induced to formaNAT-resistant phenotype by overexpressedMot3PrD. Labels denote strains thatwere evaluated
for [MOT3+]-dependent multicellular phenotypes. Green labels indicate that [MOT3+] produced multiple robust multicellular phenotypes, yellow indicates
more limited effects of [MOT3+], and red indicates no observable effect. The two strains labeled in blue exhibited [MOT3+]-dependent changes in flocculation.
(C) [MOT3+] produces a different array of multicellular phenotypes in each strain, as demonstrated by invasive behaviors and colony morphologies in four
divergent strains. ferm., fermenting.
(legend continued on next page)
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But when they contained [MOT3+], they became invasive on
proline media and acquired complex colony morphologies on
ethanol media. The colony morphologies were also manifest,
to a lesser extent, on glucose media.
[MOT3+] had specific multicellular effects in other strains.
In the fermenting fruit juice isolate DBVPG6040, [MOT3+]
conferred a strong invasive phenotype but had no effect on
colony morphology. In contrast, the tecc (honey wine) isolate
DBVPG1853 had altered colony morphologies in the [MOT3+]
state but acquired invasive filaments independently of prion
status. Only one of the ten strains investigated, the soil isolate
DBVPG1373, had no apparent multicellular effect of [MOT3+].
There are two general mechanisms by which [MOT3+] might
produce different phenotypes in different genetic backgrounds.
First, the physical properties of the prion (including the nature of
the prion fold and its efficiency of propagation) may themselves
be influenced by the genetic background, which in turn would
influence how it interacts with Mot3-regulated loci. Second,
[MOT3+] may regulate (directly or indirectly) genes that contain
polymorphisms that are phenotypically silent in the absence of
the prion. To distinguish between these possibilities, we deleted
MOT3 from two genetically divergent strains, L-1374 and
UWOPS83-787.3, that had very different phenotypic manifesta-
tions of [MOT3+]. If the causative genetic differences acted
exclusively by influencing the prion itself, we would expect the
deletion to have the same phenotypic effect in both back-
grounds. If, conversely, the causative genetic differences are
themselves subject to prion regulation, the genetic ablation
of Mot3 activity would be expected to produce different
effects in each background. As shown in Figure 6D, the latter
scenario proved true: MOT3 deletions produced different
effects in the two strains and, in both, phenocopied [MOT3+].
Altogether, these data demonstrate that [MOT3+] alters the ex-
pression of standing genetic variation in S. cerevisiae, resulting
in combinations of multicellular phenotypes that differ between
lineages.
To verify the role of FLO11 in [MOT3+]-dependent multicellu-
larity, we deleted FLO11 from a [MOT3+] isolate of L-1374. The
resulting cells lost the multicellular phenotypes of [MOT3+],
despite retaining the prion itself (Figure 6D; data not shown).
The number and arrangement of Mot3 binding motifs in the
FLO11 promoter did not differ significantly between strains
and, therefore, are unlikely to account for [MOT3+]-dependent
phenotypic differences (Table S1). Instead, we discovered that
the FLO11-coding region is itself highly polymorphic, with
different strains harboring different repeat length variants (Fig-
ure S4I). The number of tandem repeats within cell surface
adhesins correlates with their activity (Verstrepen et al., 2005),
suggesting that prion formation by Mot3 could enable the
expression of functional differences between FLO11 alleles.
Differences in the activities of the other numerous regulators of(D) [MOT3+]-dependent morphological differences between L-1374 and UWOPS8
in L-1374 requires FLO11.
(E) Demonstrative qRT-PCR analyses of the expression of Mot3-regulated genes f
The direct effect of Dmot3 on FLO11 was not determined. Error bars represent S
Scale bars, 1 cm.
See also Figure S4 and Tables S4 and S5.FLO11 are quite likely to further synergize with [MOT3+] in diver-
sifying multicellular behaviors.
To gain insight into the extent of [MOT3+]-induced transcrip-
tional changes, we analyzed the expression of other Mot3-
regulated genes in both L-1374 and UWOPS83-787.3. Using
qRT-PCR, we found that [MOT3+] derepressed loci throughout
the genomes of both strains (Figure 6E; Table S5). Two important
trends emerged. First, the effects of genetic background were
quite specific. Although multiple transcripts exhibited quantita-
tively different responses between strains, only FLO11 differed
qualitatively: it was derepressed by [MOT3+] in L-1374 but was
unaffected in UWOPS83-787.3. Second, the relative effect of
[MOT3+] and Dmot3 differed among individual genes. DAN1,
for example, was derepressed much more strongly by the prion
than by the deletion, whereas the reverse was true for ANB1.
Therefore, the gain of function of [MOT3+] appears to impact
a specific subset of the Mot3 regulon. These findings illustrate
that, despite genetic divergence between the strains leading to
distinct multicellular effects of [MOT3+], the unique transcrip-
tional response of the prion is nevertheless shared between
them.
DISCUSSION
The evolutionary constraints on multicellularity are stringent
(Grosberg and Strathmann, 2007). Multicellularity involves
mechanisms for cell differentiation, cooperation, and the control
of defector cells that might promote their own growth at the
expense of the integrity of the multicellular structure. We have
demonstrated that a self-perpetuating conformational switch in
a protein provides a mechanism to drive multicellular growth in
a ‘‘unicellular’’ organism.
The Mot3 transcription factor lies at the helm of a Flo11-
dependent developmental program. The successful deployment
of that program necessitates an epigenetic commitment that
spansmultiple generations. The self-perpetuating nature of prion
propagation ensures that commitment. Prion conversion by
Mot3 activates the multicellularity program and stably perpetu-
ates that state to subsequent generations. By virtue of their
common descent and shared prion inheritance, all cells in the
lineage remain physically and metabolically connected. The
complex heritable phenotypes that emerge from this coopera-
tion would be difficult to achieve by a group of cells each acting
independently.
Yeast multicellularity is deeply intertwined with carbon
metabolism. The multicellularity determinants FLO11 and FLO1
are coregulated with glucose, sucrose, and starch metabolic
programs (Verstrepen and Klis, 2006). Mot3 appears to be an
important regulator of carbon metabolism: its targets are most
heavily enriched for sugar transporters, sterol biosynthetic
enzymes, and alcohol dehydrogenases (Table S2).Mathematical3-787.3 are reproduced by deletingMOT3. [MOT3+]-dependent multicellularity
or isogenic [MOT3+], [mot3], andDmot3 cells in L-1374 andUWOPS83-787.3.
D from separate experiments.
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Figure 7. Model for a Function for Mot3 Prion Switching in the
Respiro-Fermentative Cycle of Wine Yeasts
Yeast cells begin the cycle upon inoculation to glucose-rich grape must.
Glucose is fermented to ethanol during the exponential growth phase. The
ensuing ethanol stress triggers prion conversion to [MOT3+], which, in
conjunction with glucose exhaustion, drives some of the cells into a multicel-
lular growth program that protects them from stress and/or increases meta-
bolic efficiency. As the population respires ethanol and remaining sugars,
oxygen levels decline resulting in the accelerated reappearance of [mot3]
cells within [MOT3+] subpopulations.models suggest that multicellularity may have evolved in
response to competition between carbon metabolism strategies
(Pfeiffer et al., 2001), a hypothesis supported by correlations
between dimorphic transitions and glucose depletion (Ver-
strepen and Klis, 2006). Thus, Mot3 establishes a paradigm
that links prions with carbon metabolism and facultative multi-
cellularity. Importantly, there may be many such prions. Two
major regulators of carbon metabolism and multicellularity,
Cyc8 and Swi1, were recently found to form prions (Du et al.,
2008; Patel et al., 2009). Another prion, which involves the trans-
membrane proton pump, Pma1, also governs carbon source
utilization (Brown and Lindquist, 2009).
Prion Formation as a Potential Function of Mot3
Mot3 is a key player in the cellular response to oxygen avail-
ability. When oxygen is limiting, Mot3 levels rapidly decrease,
resulting in the derepression of its genetic targets (Sertil et al.,
2003; Lai et al., 2006). Paradoxically, however, hypoxia does
not produce the same multicellular responses as [MOT3+]. In
fact, oxygen is strictly required for Flo11-dependent colony
morphologies and filamentation (Wright et al., 1993; Zupan and
Raspor, 2010). It seems that prion conversion, therefore, enables
phenotypic manifestations of the Mot3 regulon that may other-
wise be inaccessible.
How might Mot3 regulation, via prion formation, be advanta-
geous during aerobic growth? [MOT3+] effectively primed cells
to respond to limitations in either glucose or nitrogen. Under
those conditions, yeast cells fulfill most of their carbon and
nitrogen needs by oxidative metabolism. Ethanol is the predom-
inant source of carbon in the postdiauxic phase of wine fermen-
tations, and proline is by far the most abundant source of
nitrogen in grapes (Ough and Stashak, 1974). Each of these
nutrients can only be metabolized in the presence of oxygen
(Ingledew et al., 1987). Indeed, the strongest [MOT3+]-depen-
dent responses occurred when cells were forced to grow with
either ethanol as a carbon source or proline as a nitrogen source.
Physiological responses to these nutrients would be counterpro-
ductive during anaerobic growth. The natural regulation ofMOT3
by hypoxia parsimoniously overrides the carbon- and nitrogen-
limitation signals by eliminating [MOT3+].
Why should cells employ a prion—a semistochastic switch—
to regulate fundamental metabolic pathways? Prion switching
divides large populations into mosaics of distinct subpopula-
tions, and recent work reveals that cell-to-cell heterogeneity
in metabolic processes can be maintained through cooperative
interactions that benefit the population as a whole (Beardmore
et al., 2011; MacLean, 2008). For a population of [mot3] and
[MOT3+] cells, the whole may be greater than the sum of its
parts.
Environmentally Regulated Inheritance
Our data are consistent with a function for [MOT3+] during post-
diauxic growth. Two environmental signals that delimit the
beginning and end of that period, ethanol and hypoxia, inversely
regulated prion switching byMot3 (Figure 7). These signals natu-
rally happen in sequence: as ethanol concentrations reach
a peak, yeast switch from fermentative to respirative metabo-
lism. The oxidative respiration of ethanol and remaining sugars162 Cell 153, 153–165, March 28, 2013 ª2013 Elsevier Inc.then depletes molecular oxygen from the local environment
(Bauer and Pretorius, 2000). The ensuing hypoxia reverts cells
back to the [mot3] state. Accordingly, Mot3 prion switching
may constitute an explicit mechanism that contributes to the
recently discovered (Mitchell et al., 2009) capacity of yeast to
adaptively ‘‘anticipate’’ the environmental changes that occur
sequentially in the course of wine production. With the exception
of phenomena that involve the uptake of foreign nucleic acids
(Koonin, 2012), the elimination of [MOT3+] by hypoxia is, to our
knowledge, the only example of a stably inherited phenotypic
change that is induced en masse by a specific environmental
change.
Complexity of Multicellular Phenotypes
[MOT3+] differs in two key respects from other mechanisms
that underlie rapid morphological switching in yeast. First,
unlike other genetic and epigenetic elements, [MOT3+] is struc-
turally autonomous from nucleic acids, enabling it to act in
a dominant and promoter-extrinsic manner to alter gene expres-
sion throughout the genome. Second, the prion is not simply an
‘‘on/off switch’’ for Mot3. Instead, it represses the protein’s
normal activity while endowing it with new activities. Both effects
are required for the full spectrum of [MOT3+] phenotypes. One
simple explanation for the gain of function of [MOT3+] is that
the prion particles sequester other transcriptional regulators
that interact with Mot3. Indeed, Mot3 functions within a regu-
latory framework rife with other transcription factors whose
sequences are particularly well suited for prion-like interactions.
To what extent these proteins influence each other’s aggrega-
tion and how this, in turn, contributes to the complexity and
plasticity of [MOT3+] phenotypes are exciting subjects for
exploration.
In sum, we have demonstrated that prions formed by a yeast
transcription factor enable the differentiation of yeast cells into
facultative multicellular structures. The formation, inheritance,
and phenotypic manifestation of the prions were dictated by
natural environmental signals and by an abundance of heritable
genetic variation between yeast isolates. These relationships
explicate some of the natural diversity and plasticity of multicel-
lular phenotypes and promise to further our understanding of
the molecular mechanisms that enable the evolution of social
behaviors.
EXPERIMENTAL PROCEDURES
Computational Analyses
Genetic targets of transcription factors were obtained from YEASTRACT
(Teixeira et al., 2006) and from Wong and Struhl for the Cyc8-Tup1 complex
(Wong and Struhl, 2011). Prion propensities were predicted using a previously
developed algorithm (Alberti et al., 2009) with parameters updated according
to experimentally confirmed prion hits. An independent algorithm (Toombs
et al., 2012) was also used, with comparable results. Functional annotations
were determined using the functional clustering analysis in DAVID release
6.7 (Huang et al., 2009) with the highest classification stringency. Mot3 binding
motifs in the 3 kb regulatory region 50 upstream of the FLO11 gene (Rupp et al.,
1999) were identified in all strains according to a frequency matrix for the Mot3
motif (Bryne et al., 2008).
Yeast Genetics and Molecular Biology
Standard cloning procedures were used (Alberti et al., 2009). Oligos and
plasmid sequences are available upon request. Chromosomal integrations
were achieved using PCR-based mutagenesis and the delitto perfetto method
(Goldstein and McCusker, 1999; Storici and Resnick, 2006). Yeast were trans-
formed with a standard lithium-acetate protocol as described by Gietz et al.
(1992). Yeast strains are listed in Table S3.
Yeast Media and Phenotypic Analyses
Standard yeast media and growth conditions were used. Where appropriate,
glucose was replaced with 2% ethanol or glycerol, and ammonium sulfate
was replaced with 0.05% proline. Semisolid media contained 0.3% agar.
For agar invasion analyses, colonies were allowed to grow for 5 days at
25C. Plates were photographed before and after the removal of noninvasive
cells by dislodging surface cells under running water. Flocculation was
assayed after growth to saturation in YPD containing 20% glucose.
Hypoxia Treatments
Cells were point inoculated to YPD plates supplemented with Tween 80 and
ergosterol (Hongay et al., 2002) and placed in a sealed bag containing a BD
GasPak EZ Anaerobe Pouch System sachet. After 5 days at 30C, cells
were retrieved from the outer perimeter of colonies to a fresh YPD plate and
allowed to form colonies under standard laboratory conditions prior to subse-
quent analyses.
SDD-AGE
SDD-AGE was performed as described (Halfmann et al., 2012).
qRT-PCR
Total RNA was extracted using MasterPure Yeast RNA Purification Kit
(Epicenter) as instructed by the manufacturer. cDNAs were generated using
oligo(dT)20 and the Superscript III First-Strand Synthesis System (Invitrogen).
qPCR was carried out using the DyNAmo HS SYBR Green qPCR Kit (Thermo
Fisher Scientific) on the HT 7900 Real-Time PCR System (Applied Bio-
systems). RQ values were normalized against those for ACT1 or TFC1. Primers
are listed in Table S6.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, and six tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.02.026.
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